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A critical review of all available data on the Stark widths and shifts for lines of non-hydragenic
ionized spectra has been carried out. The relevant literature compiled by the NBS Data Center on
Atomic Line Shapes and Shifts was critically evaluated. and from this evaluation 54 papers were found
to satisfy all requirements and thus selected for this review. The most important factors determining
the quality of plasma sonrees. diagnnstic techniques. and line profile and shift determinations are
discussed in detail in the first part of this review. In the second part the data tables containing the
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theoretical results are made whenever possible.
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1. Introduction

This review is to our knowledge the first attempt to
critically evaluate and assemble the experimental ma-
terial on Stark broadening parameters for isolated lines
of ionized spectra. The experimental data have been
largely acquired within the last’ 10 years and thus
represent material obtained by comparatively modern
techniques of plasma spectroscopy. The primary stim-
ulus for this work has been the need for accurate and
convenient determinations of electron densities in
laboratory and stellar plasmas for which Stark broaden-
ing—provided reliable width parameters ex15t—con-
stitutes a very attractive and convenient technique.

Practically all experiments reviewed here were de-
signed to be checks on theoretical Stark broadening
parameters;
investigate the accuracy of the calculated parameters
and to verify their theoretically estimated uncertainties.
Therefore, we have taken into account the obvious
importance of the theoretically calculated parameters
and have always made comparisons with these param-
eters in addition to straight presentations of the experi-
mental data. The theoretical parameters are all taken
al tabulation available  th L

ily genoral tabulation available ic onc by

Griem [1}', which is based on earlier semiclassical
calculations of the electron-impact broadening of ion
lines by Jones, Benett, and Griem [2]. (These calcula-
tions do not include the usually insignificant jon (quasi-
static) broadening.) The comparison with the theoretical
data is also essential for comparing the results of various
experiments done under different conditions since only
the calculated line broadening parameters, in conjunc-
tion with relations giving the temperature as well as

density dependence {1], can connect the different
measurements.

In obtaining the literature sources for the experimental
papers, we have put emphasis on completeness. We
have used the references listed in the “Bibliography on
Atomic Line Shapes and Shifts,” NBS Special Publica-
tion 366 and its addenda [3], and have also made use
of all later information available in the NBS Data Center
on Atomic Line Shapes and Shifts. We have thus ob-
tained " all material through the end of 1974, at which
point the tables were finalized. Papers available to us
in preprint form by that time were included, oo, and
their exact references added later.

For the evaluation of the results and estimates of the
uncertainties in each experiment, we have examined a
number of critical factors which in our opinion most
strongly influence the quality of the measurements.

from the only
irom tnc oni

TFigures tu brackets indicate the literature televenses
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Irincipally, these factors arise in threc arcas of the
experiment: (1) the plasma source and its properties,
(2) the diagnostic technique, particularly the determina-
tion of the electron- density, and (3) the line shape
measurement technique including the unfolding of
narrow profiles. Because of their crucial importance
for the evaluation of the data, these factors shall be
discussed below at some length.

During the initial evaluations, we noticed that a
number of papers are clearly superseded by later work
of the same gronp or that other papers are sa incamplete
in the reporting that no estimate of uncertainties could
be made. Such papers were excluded from further
evaluation. In other cases where the reporting (or the
experimental work) has not been seriously incomplete,
we have considered these papers but with a relatively
low accuracy rating. For example, we have done this
when it must be suspected that self-absorption or the
apparatus width will be significant factors but when no
check on these points has been reported.

It will be seen from the comparison tables and graphs
that the accuracy estimates given in the literature are
quite often too optimistic. Frequently, no overlap exists
between the results of different authors within their

staved « rtainty shot con b clude
3taica uncceriainty x,cun.uu,o, 30 that onc nas 1o conciuac

that at least one of the data contains further unac-
counted-for uncertainties. Thus, we feel justified in being
generally more conservative in arriving at our error
estimates.

We hope that this critical review and the tabulation
of experimental data will (a) provide a good summary of
the present status of our knowledge, (b) induce improve-
ments in the experimental work and its reporting, and
(c) focus on the many additional needs in this field.

It is the intention of the staff at the NBS Data Center
on Atomic Line Shapes and Shifts to commissien future
critical reviews on this subject when major additions
and improvements in the data warrant it.

2. Critical Factors in the Stark Broadening
investigations

2.1. Plasma Sources

The ideal plasma source for Stark Broadening studies
of ionic lines should ber ohy stationary, (23 homogeneous,
(3) capable of achieving o relanively high excitation
temperature © - 10000 K order 10 obtain sufficient
numbers of 1omized atome s and (1) capable of achieving
aorelively Taph cbmon densny 1] X 106 — § X 1018
cm oan aeder o produce Stark broadening as the

predormmant nd seadiv measurable cause of line

Broabenang
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Since such an ideal source is not available, a variety
of plasma sources which partially satisfy these condi-
tions have been used. In table 1 a list of the various
utilized plasma sources is presenied as well as the num-
ber of selected papers in which these have been used.
In order to illustrate the usefulness of the different
sources for investigations on various elements, the num-
ber of elements investigated with a particular plasma
-source is also given.

Tt is evident from table 1 that pulsed sources were
mainly used. They usually satisfy the above, conditions
(3) and (4) and approximately satisfy condition (2).
The most popular pulsed source was the electro-
magnetically driven T-tube.

In table 2 the ranges of electron densities and temper-
atures are listed which have been employed in the
different plasma sources for the investigations of the
Stark broadening of ionized lines.

TABLE 1. List of applied plasma sources

Type of plasma ‘ Electromagnetically Low pressure - Plasma Various Gas driven Other plasma
source driven T-tube pulsed arc jet types Z-pinch shock tube - sources
of arcs
Number of papers 16 { 7 7 3 4 7
Number of investi-
gated elements 11 8 4 5 6 7 7

TaBLE 2. Electron density and temperature ranges for applied sources-
Type of plasma ‘ Electron density Temperature
source range (cm~%) range (K)

Electromagnetic T-tube (0.5-8.0) x 10'7 9,000-25,000
Low-pressure

pulsed are (0.3-2.0) X 10'7 14.000-40.000
Plasma jet (0.7-1.0) X 10*7 12.000-14.000
Various types of

steady-slate arcs (0.7-2.0) x 1017 11.,000-20,000
Gas driven shock tube (0.5-1.0) X 10'7 10,000-12.,000
Z-pinch (0.3-4.0) x 10'7 25,000-35.000
©-pinch 4 x 10% 60,000

a. Pulsed Plasma Sources — Shock Tubes

Electromagnetic T-tube. This plasma source was
described previously in a number of articles [4]. It
consists of a ‘I-shaped tube (usually glass) with two
electrodes protruding into the two opposite ends of the
short arm of the “T.” A condenser bank is discharged,
via a spark gap. through the gas between clectrodes.
The return current path is put close to the discharge,
and the electromagnetic interaction between them, as
well as the pressure gradients, drive the ionized gas
away from the return lead with such force that an
intense shock wave is produced. Most of the plasma
measurements have been carried out after the reflection
of the shock from the reflector placed in the expansion
tube. The spectroscopic observations are usually made
1-12 mm from the reflector.

Typical dimensions of the T-tubes are: expansion tube
i.d., 16—-38 mm: distance between elecirodes and the

reflector, 10-15 cm; and gas pressure, 1 torr.
The majority of the electromagnetic T-tubes for line
broadening studies were of a design similar to that used

. first by Kolb [5]. Recently, Ervens and Berg [6] proposed

a modification of the expansion tube with a “‘cookie-
cutter” arrangement. In this way the replacement of the
expansion tube, which becomes clouded after a number
of shots, is simplified.

The discharge in an electromagnetic T-tube is usually
driven by a low inductance capacitor bank with a
capacity of the order of 1 uF charged up to 40 kV. The
plasma duration after the reflection of the shock wave
is typically a few tenths of a microsecond. Recently,
larger and slower capacitors (7.5 uF [7] and 14 uF with
an external inductance of 4 uH [8]) were used to obtain
a more homogeneous plasma with a duration of a few
microseconds.

Shot-to-shot reproducibility of the.radiative intensity
in most shock tube experiments has been found to be
315 percent or better and partially depends upon the
type of working gas. Molecular gases (e.g., nitrogen,
oxygen, and dichlorodifluoromethane) are much less
reproducible than atomic ones (helium, neon, and
argon). To improve the shot-to-shot reproducibility, RF
preionization was used [6]. For example, Konjevic et al.
{10] improved scanning rcproducibility in dichloro-
diflusromethane by 30 percent by using a 50 watt RF
source for preionization.

Other shock-tube tubes. The gas-driven shock tube was
employed in two Stark broadening studies of ionized
sulfur and chlorine lines [11, 12]. Cold hydrogen was
used to drive the conventional 7.5 X 10 em 2 shock tube.
The steady-state region in the stationary plasmas be-
hind the first reflected shock varied in duration between
50-200 ws. By suitable selection of initial gas pressure
and composition, it was possible to vary the plasma
electron density between 2 and 14 X 10 c¢m~3 while
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keeping the temperature to the range 10.000-12.500 K.

In another experiment the parallel-rail shock tube was
used as a plasma source [13]. Unfortunately, the details
of this shock tube are given only in an unpublished
Ph. D. thesis.

b. Puised Sources—Pulsed Arcs and Others

Low-pressure pulsed arcs. Since basically only three
different puleed arc sources [14—16] were used for in-
vestigations of Stark parameters of singly ioniied lines,
some details will be given on each source in table 3. The
pulsed arcs all have in common that the plasma is gen-
erated by discharging a capacitor bank through a glass
tube filled with gas at reduced pressure. In general,
the shot-to-shot time reproducibility of the light intensity
from low-pressure pulsed arc discharges is better than
from electromagnetic T-tubes and is usually within
+5 percent.

N. KONJEVIC AND W. L. WIESE

Most invéstigations of the spatial homogeneity of the
plasma were carried out by high speed photography. For
example, in ref. [16] this check was done by taking
photographs of the continuum radiation from the dis-
charge (side-on) at various times by means of a Kerr
cell shutter (with an exposure time of 30 ns) and a
camera. Densitometric analysis of the photographs
showed that the plasma was highly homogeneous in the
axial direction (within =4 percent). Also, the plasma
length could be determined in this way with an accuracy
of =2 percent which was of importance for axial inter-
ferometric electron density measurements. A similar
analysis was performed radially, and it was found that
the plasma was approximately homogeneous for the
chosen experimental conditions. This was also confirmed
by scanning the profiles of some lines at different radial
positions of the discharge, and no difference was ob-
served in the shape and width of the observed lines.

TaBLE 3. Characteristics of applied pulsed plasma sources
Discharge vessel ‘ \ Typical operating [ Plasma parameters ?
Typical | | Typical dura-
Ref. Internal | Length | Electrode| filling Capacitor | Voliage | Current ration of Electron density | - Electron
diameter. {cm) material | pressure ‘ bank (uF) kV) (kA) current pulse | (em~?%) temperature
(mm) {mmHg) (us) {K)
14 & 40 10 c 10 200 4 4-10 36 60 (1.0-7.0yx 10" 10 000-12 000
15 ! 120 30 Al 10 16X5¢ 12 14 90 2x10'% 30 000
16 24 20 Al, C 0.1 150 1-2 5-14 40 (0.3-1.2)x 10" 20 000-40 000

2 Values given in the twa columns are typical and are not necessarily correlated.

" Diameter of the constricted part of discharge vessel was enlarged around the electrodes in order to reduce impurities.

¢ Lumped-parameter delay line.

(Observations of this type are strongly suggested for
each experiment.)

Z-pinch. Basically, this is a low-pressure pulsed arc
but with higher electric current so that the self-produced
magnetic field causes pinching of the plasma column.
In this way higher electron concentrations than in pulsed
arcs can be achieved, which is of advantage when in-
vestigating the often narrow lines of multiply ionized
atoms.

Pulsed capillary discharge. In two papers (originating
from the same laboratory) a pulsed capillary discharge
was used as a plasma source [17, 18]. The electrodes of
the discharge were made of carbon, and they were
pressed against a circular disk of a plexiglass containing
at its axis an insert of calcium chloride [17] or aluminum
hydride [18]. The diameters of the capillary were 3 and
2 mm, respectively.

The discharge was driven by a lumped-parameter
delay line consisting of six capacitors of 80 uF each and
coils of 3.6 uH inductance, giving a maximum discharge
current of 10.2 kA. The current pulses were rectangular
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with 205 us duration. Spectroscopic observations were
performed side-on on the plasma flame protruding from
the capillary. The flame was of good radial symmetry
permitting the Abel inversion of the spectra.

Other pulsed sources. Two other pulsed plasma
sources need to be mentioned for this review: (a) a
pulsed discharge sliding along the surface of a liquid jet
[19] and (b) the theta pinch [20].

(a) A condenser battery of 21 uF (inductance: 17.4
uH) charged up to 25 kV was discharged along the
sutface of a liguid jet of low cunductance. The discharge
current was not critically damped, the oscillations had a
half period of 116 us. The plasma. which surrounded a
liguid column. was radially symmetric. Barium, in-

vestigated in this experiment. was introduced into the
plasma by evaporation of the jet solution.

(b) The theta pinch is a well-known plasma source
frequently used for investigations of plasmas. It was
used [20[ in an experiment set up 1o determine Stark
broadening parameters of multiply ionized carbon lines.
The small theva pioch anrangement included preioniza-
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tion, a preheater, and a main discharge using a 25 kV,
3 uF condenser bank. The compression coil had alength
of 30 cm and a diameter of 4 cm. The filling pressure was
about 0.4 torr. Spectroscopic observations were made
axially end-on. The magnetically compressed plasma
typically had an electron density of 4 X 10" cm~3, a
temperature of 60,000 K, and a lifetime of about 0.1 us.

c. Stabilized Ares and Plasma Jets

The two types of stationary plasma sources that have
been used for Stark broadening studies are stabilized
arcs and plasma jets. The plasmas are typically long,
rotationally symmetric columns . of cylindrical shape
(arcs) or conical shape (plasma jets). Typical dimen-
sions are 5 mm for the column diameter of wall-stabilized
arcs and 100 mm for their length; the plasma jets are also
about 5 mm in diameter and are 20-30 mm long. The
high pressure (up to 150 atmospheres) gas-stabilized arc
[21, 22] has much smaller dimensions, about 5 mm in
length and 1-2 mm in diameter, because of its larger
power requirements. A variety of different arc sources
and plasma jets have been described in the literature, o
which we refer for further details [23, 24].

The most attractive feature of arcs and plasma jets is
their stationary behavior which permits lorig observation
times and the application of slow ;;hotoelectric scanning
techniques. The observed line profiles are therefore
often precisely defined (see e.g., the line profiles illus-
trated later in this review). The extended operating times
also permit accurate applications of various plasma
diagnostic techniques. However, the range of plasma
parameters and of diagnostic methods is more limited
than for other sources (see also table 2). For example, for
the wall-stabilized arcs the limited access to the arc
channel and its small radial extension make applica-
tions of laser scattering techniquee impractical.

To obtain accurate data with stabilized arcs and
plasma jets, the following factors are most critical and
have to be carefully investigated. Boundary layers in
end-on measurements have to be taken into account by
model estimates, or they need to be minimized by
introducing the species under study into the middle part
of the arc only, away from the cooler electrode regions
{23]. H gas mixtures are used, careful attention must be
given to maintaining a constant mixture ratio. Finally,
side-on ohservations require application of an advanced
Abel inversion scheme [23] in order to produce precise
results. While the inversion constitutes a bit of data
analysis work, it has the advantage that profile data are
obtained over the whole radial range of electron densi-
ties, so that the dependence of line widths and shifts
on the electron density is readily obtained.

2.2. Plasma Diagnostic Methods

The most critical part of the plasma analysis is the
accurate determination of the electron density since the

line broadening parameters depend linearly on it, except
for small higher order effects such asion broadening. The
other quantity which also directly affects line broadening
parameters is the plasma temperature, but the correla-
tion with this quantity is a much weaker one.

In the following we shall discuss the critical factors
involved in the principal methods used for the electron
density and temperature determinations. The various
spectroscopic approaches are well established, and we
presume that the reader is familiar with them so that
explanations will be kept to a minimum. For detailed
discussions of these diagnostic techniques, we refer to
a number of recent books and review articles {23, 25, 26].
However. the one essentially non-spectroscopic method

- often applied here, laser interferometry, is a rather re-

cently developed technique which has not been reviewed
in detail yet for the special conditions under which it is
used in Stark broadening experiments. We shall, there-
fore. present an extended explanation of this important
new technique in section 2.2.b.

a. Electron Density Determinations from Measurements of
Stark Profiles

In approximately one-half of the papers, the electron
density has been determined by measuring the Stark
widths of spectral lines for which the broadening param-
eters are well established by theoretical calculations and
measurements. These lines usually belong to species
added in traces to the plasma rather than the main
constituent. This diagnostic technique is a very attrac-
tive one since the measurements involved and the inter-
pretation are quite simple (except, perhaps, for the some-
what laborious shot-to-shot scanning with pulsed
sources), and the Stark widths are directly proportional
to the electron density. (These advantages have, of
course, also provided a major stimulant for preparing
this review, insofar as it will contribute 10 identify addi-
tional reliable Stark width data for determinations of
plasma electron densities.)

" The most important points one has to consider in this
diagnostic technique are corrections for possible effects
of other broadening mechanisms, including instrumental
broadening, corrections for possible self-absorption, and
corrections for the continuous background under the
line. Also, one has to assure that the line is truly isolated
and not blended with any other weak line of the same
spceies or impuritics. The most desirable approach to
determine a Stark width is to compare the whole meas-
ured profile with the theoretical one and find the elec-
tron density from the condition of best fit rather than
from the simpler measuremeént of the halfwidth. This
comparison has actually been performed sometimes in
the experiments reviewed here (see, e.g., Chapelle et al.
[27]. Popenoe and Shumaker [28], and Yamamoto [29]).

The most accurate results are obtained from com-
parisons with the Balmer line Hgz which is quite fre-
quently used. Many experimental and theoretical studies
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264 N. KONJEVIC AND W. L. WIESE

have established that precise halfwidth measurements
on this line will vield electron densities to within 10 per-
cent [1, 20]. For the He 3889 A line, which has been
applied only slightly less often, good agreement between
measurements and theory has been found {1, 31], too,
so that its line width parameter should be nearly as
reliable as for Hg. However. the 5 percent accuracy esti-
mate stated in ref. [32] appears to be overly optimistic.

Avpplications using other lines whose Stark width
parameters have only been established by a single
theoretical or experimental investigation are less reli-
able. This -especially applies to the experimental data
on a C1 resonance line by Kusch [33], which is used in
later work of Kusch and Pritschow [17] on Ca 11 and
Heuschkel and Kusch [18] on Al 1L As seen in another
recent review [31], the measured Stark halfwidth for
the C1 line disagrees drastically with both theory and
a more recent experiment, i.e., it is a factor of 6 larger
than the theoretical value and a factor of 8 larger than
another experimental result. As a -consequence, the
Canr and Al results by Kusch and coworkers are
very suspect, and indeed, it is seen that their work
again vyields very broad line profiles, wider by about
a factor of 5 than the other experimental results (see
the Ca11 and Al 11 tables). Hithn and Kusch [21] have
recently remeasured some of the Ca 11 lines by applying
different diagnostic techniques for the electron density
determination, and the new line widths are appreciahly
narrower and come Into fairly good agreement with
other experimental and theoretical values.

b. Laser Iinterferometry

Since its development in 1963, laser interferometry
has been continuously improved and may be applied
now for measurements of electron densities in the
range from 10'°-10'® cm~? over optical path lengihs of
the order of 10 cm. Since laser interferometry was
used in a number of the reviewed papers for the deter-
mination of electron density but has not been reviewed
in detail yet for the high electron density conditions
required for Stark broadening studies. it will be
described here in some length.

It was found by King and Stewart [34] that if a mirror
was placed on the axis of a laser beam, but outside the
cavity, interference occurred between the reflected
and incident light. If thc extcrnal path length was
altered by moving the mirror, then the whole laser out-
put was amplitude-modulated at the Doppler frequency
corresponding to the velocity of the mirror. The laser
intensity undergoes one cycle of modulation for each
complete wavelength change in the optical path. About
50 percent depth of medulation can be produced even
with the mirrors several meters away when only a
fraction of the output is reflected back into the cavity.

Hence, such a system is effectively an interferometer
with the advantage that the laser is both the source
of radiation and the detector of the interferometric
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fringes. it 'was first used by Ashby and Jephcott [35]
to measure electron densities in plasmas, and the prin-
ciple of operation can be best understood from figure 1.

TRANSPARENT
m, M, PLATE  my
DETECTOR LASER ﬂ PLASMA \
D, < ” A [ ] 4

xu‘!__l‘ﬂ

DETECTOR

ol

FIGURE 1. Schematic diagram of the laser interferometer (M;. M.,
M; = mirrors).

The interferometer usually consists of a He-Ne laser
with an external plane mirror M; which forms a Fabry-
Perot etalon with laser mirror My. The exiernal cavity
contains the plasma whose index of refraction is to be
measured. The interference fringes in the external
cavity can be detected in two ways: (1) The intensity
of the laser itself can be used to observe the fringes
(with detector Dy). (2) Inserting a glass slide in the ex-
ternal cavity, a part of the interfering beam is reflected
onto another detector Ds. In the first case the laser acts
at the same time as source and detector, but in both
cases the laser interferometer measures only a change
in plasma refractive index and does not indicate the
steady state conditions.

The advantage of the detection of fringes in the ex-
ternal cavity is a very high frequency response. In this
way more than 50 resonances per microsecond have
been detected [36]. Alternatively, if the laser is used as
a detector, the signal is amplified which simplifies meas-
urements, but the time response is worse. Which methoed
is more advantageous depends, therefore, on the rate
of change of the plasma refractive index.

The - sensitivity of the basic laser arrangement de-
picted in figure 1 has been {urther improved by various
methods: transverse modes are utilized [37, 38] which
can be supported in the external cavity when Mj is
replaced by a spherical mirror; the third mirror M; is
made to vibrate, producing fringes in the absence of the
plasma, and when the plasma is pulsed, the fringes are
shifted from their original positions {39, 40]: the plasma
is placed in the laser cavity itself, and measurements
of the plasma eleciron density are olnained in the range
10'%-10" em~3 by observing heatl frequencies between
two lasers where one ix perturbed by the intracavity

plasma [41-43}: a longer wavelength laser (CO, at
10.6 um [44-46]) has bheen used in o laser interfers-
metric arrangement .

Since in this review we are concerned with measure-
ments of relatively high electron concentrations, typi-
cally in the vanpe 1 O™ ¢m 3, only laser inter-

ferometers with o plane external mirror, which are
most smitable tor o application, will be discussed

furthie
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General reviews of the plasma refractive index and
optical interferometry in- plasma diagnostics have been
given by Alpher and White [47], Martelluci [48], and
Ascoli-Bartoli [49]. Therefore, only the pertinent details
necessary for the understianding of laser interferometry
will be presented here. .

It is first important to realize that the laser only gives
a variation in output when the plasma refractive index 7
changes. Thus the electron concentration, even in a
steady-state plasma, has to be determined during
establishment or, alternatively, during interruption of
the plasma state. Then the fringes arise due to changes
in the concentration of all the component species:
consequently, in a spectral region far from strong
absorption lines,

p(t) =1=KNo(0) + KN, () + KNy(£) + B(£). (1)

Here the K values represent the refractivities and N’s
the densities of the electrons, atoms, and ions, respec-
tively, and. B is the contribution due to excited species.
The latter term is not well known: however, following
Alpher and - White [50] one can take advantage of the
large dispersion of the electron component and deter-
mine its concentration for a.given plasma from the
different number of fringes which are obtained at two
different wavelengths. Thus,

) = m(he) = re(As) = pe(ho) =

—4.49X10-1% (A3 —A3) N,. 2)

At this point it is convenient to introduce the number
of fringes, f, produced by a plasma of length L placed
in a Fabry-Perot cavity (fig. 1) for a change of refractive
index Ap at a wavelength A:

Ap - 2L :
/=25 ®

The factor 2 arises because the laser beam traverses
the plasma twice. Hence, for the change of electron
concentration AN, (in cm~3), eq. (2) gives. for two
wavelengths,

1 .
EZ()\lj';—)\gjiz)=4.49>< 10-1 (A} —A3)AN,. (4)

This relationship holds only for the simple laser
arrangement; with an external concave mirror, the situa-
tion is more complex.

When the contribution of other plasma species to
the refractive index can be neglected, it is possible to
determine the electron density change in any time
interval, in which the plasma refractive index varies,
hy nsing single wavelength interferometry:

AulA) = Apc[A] =4.49 X 10-"A2AN,,  (5)

i.e..
‘]] Nf=4.49 X 10-H4)\2AN, ()
or AN / 1)

©T 449 X 10920\

Equation (7) is a good approximation for most of the
low-pressure pulsed sources (arcs, Z- and O-pinches,
electromagnetic T-tubes) where the electron concen-
tration is in the range of 10'%-10'® cm~3. Nevertheless,
this should be evaluated, if possible, for each particular
experimental condition. For example, in a low-pressure
pulsed arc in argon with the plasma parameters:

plasma length 10 cm
maximum electron concentration 10'" em™3
and electron temperature 20,000 K,

the number of interferometric fringes due to the decay
of eleciron density are 6.67 and 35.75 at 6328 A and
3.39 um. respectively. Although the sum of heavy par-
ticles in this plasma source (atoms, ions, including ex-
cited species) remains constant during the decay, it
is much more difficult to evaluate its contribution to
the wvariation of the refractive index. For an accurate
calculation one must know the plasma composition as
well as the mean electronic polarizability @ for each
species. Both quantities are usually unknown, and there-
fore, we shall try only to estimate the contribution of
nonelectronic species for our assumed experimental
conditions. To evaluate the plasma refractive index,
one can use the following relation [47]

[,u—l],-=21r5(m,~, [3)
where n; is the concentration of the particles per cm?.
Mean electronic polarizabilities for Ari and Ar 1 are

taken from [47]

Ar1 a=1.98X10-2, 9
and

o]}

Ay 11
Arix

— 1.36 X 10-2, (10)

§;

If one assumes that at maximum electron density the
plasma contains, aside from the electrons, only singly
ionized atoms, then

Pary —1=8.5X10-7 i1

At zero electron density, one has only neutrals whose
refractive index is

an - 1=12.5%10-7. (12)
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s the chanpe ol rehactive wides

Ay, Bane = 40X 1077, {13)
whieh corresponds to 0.13 and 0.024 of a fringe at
6328 A and at 3.39 um, respectively. Therefore, if one
neglects the contribution of heavy particles to the
plasma refractive index, an error of about £2 percent
at 6328 A and =0.06 percent at 3.39 um results.

It is clear that at the time of maximum electron den-
sity in the plasma multiply ionized atoms and excited
species also exist which have a larger mean electron
polarizability [47]. However, their concentrations are
much smaller than that of the singly ionized atoms in the
ground state.

Although the above estimate shows that one-wave-
length interferometry gives satisfactory accuracy for
most of the plasma measurements, even at 6328 A, it
is always advisable to perform a two-wavelength
measurement since the second measurement represents
at the same time an additional accuracy and con-
sistency check. For the atmospheric and higher pres-
sure discharges (e.g., arcs and plasma jets), the con-
tribution of heavy particles to the change of refractive
index is not negligible and two-wavelength interfer-
ometry must always be performed. Furthermore, in
some cases only axial measurements of electron density
may be possible [51] due to large refractive index
gradients and strong schlieren effects. ‘

If eq. (7) is a good approximation, one can readily
estimate from it the accuracy of the determination of
electron densities by laser interferometry. The uncer-
tainty in the plasma length introduces the largest error
which is usually between = 5 and = 10 percent, if the
plasma is homogeneous. The number of interference
fringes (depending upon the plasma electron con-
centration and wavelength) is in the range 5-20 with a
typical uncertainty of = 0.2 of a fringe which corresponds
to a relative error of = 1-4 percent. Since these two
principal errore are independent errors, the total error
produced lies in the range from 5-11 percent, which is
somewhat better than for many spectroscopic methods.

From the above arguments one may conclude that
for low electron densities (smallest number of fringes
and largest error in the determination of this number)
it is advaniageous to use a high sensitivity laser inter-
ferometer, e.g., with a concave external mirror or
operating at long wavelengths, so that a large number
of fringes would be produced. In all other cases the
design of a plasma source which is highly homogeneous
in the direction of observation and which has a well-
defined plasma length contributes most significantly
to obtaining high accuracy in laser interferometry. This
argument implicitly stresses the importance of investi-
gations of boundary layers along the interferometric
beam. )

Laser interferometry has hecome an attractive tech-
nique for measuring the electron density because it
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neither involves absolute intensity calibrations nor the
sometimes laborious scanning of line profiles (e.g., of
the Stark broadened Hg line). Furthermore, the align-
ment of the laser interferometer is very simple when
working with a He-Ne laser operating at 6328 A or at
6328 A and 3.39 pm simultaneously. By. counting the
interference fringes, it is possible in a one-shot experi-
ment (using single wavelength interferometry) to obtain
the electron density in a pulsed plasma source along the
laser beam path with an accuracy higher or equal to
spectroscopic methods. Another major advantage is
that the measurement does not depend on other prop-
erties of the plasima source, as is the case for some
spectroscopic techniques which require the existence
of local thermal equilibrium.

The main disadvantage of the laser interferometer is
that it provides only an average electron concentration
for that portion of the plasma volume which is traversed
by the laser beam. Thus, to examine, for example, a
radial distribution. the beam must be appropriately
advanced across the test region, and this restricts rapid
recording 'of the spatial distribution since the fringe
patterns must be recorded at each point.

As far as classical interferometry (e.g., with a Mach-
Zehnder instrument) is concerned, the sensitivity of
the method is only one-half of the laser interferometric
method employing a plane external mirror, due to the
double path through the plasma. The applicability of
classical interferometry is limited to transverse investi-
gations of long plasmas, and the advantage of the long
plasma length cannot be utilized due to schlieren effects
which spoil the fringe pattern. Furthermore, one cannot
take advantage of the increased sensitivity obtained
with longer wavelengths due to the lack of suitable
photographic technique for the far infrared. It may be
possible to overcome this problem by using an infrared
detector, but in this case the laser interferometric tech-
nique has the immediate advantages of (a) a simple
optical alignment, (b) the possibility of using the laser
as both a source and detector of radiation, (c) a double
path system, and (d) the low cost of the laser compared
with the classical interferometer.

<. Plasma Equatiens and intensity Measurements

Several authors, principally Chapelle and coworkers
[52, 53], have utilized this approach for argon, where
because of the availability of many speciioscopic data
it works particularly well. Local thermodynamic equil-

ibrium (LTE) is assumed, and the plasma conservation
and equilibrium equations [23. 25. 26]—such as the
Saha equation, the condition of clecirical charge neu-
traility, and the ideal pas faw  produce in conjunction
with line or continunm intensiy measurements all the
plasma composition data, i the various particle den-
sities and the temperarure. While this method is a rather
indirect approach to detearmine the electron density, it
has nevertheleos fonml beguent applications sinee it
viehls @ complete plaana composition analysis and the
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temperature simultaneously. It works especially well
in high density stationary plasmas where, furthermore,
checks with theoretical equilibrium criteria indicate
that LTE is very closely approximated.

An important requirement for this method is that
reliable atomic transition probabilities or continuum
absorption coefficients must be available to properly
utilize the line or continuum intensity measurements.
In this respeect, argon is a favorable case, because fairly
accurate data for the above mentioned'atomic quantities
are known. Thus, for argon—as well as a number of
other lighter elements—this approach is comparable
in accuracy to the other methods discussed. :

d. Miscellaneous Techniques

In some experiments [21, 22], the methods described
under 2.2.a and 2.2.c have been combined to produce a
redundancy of plasma data and thus judge their relia-
bility from their mutual consistency. Such an approach
is especially desirable if, in the individual diagnostic
measurements, atomic data of uncertain accuracy are
employed. In Murakawa’s work [54] on Hgii, the
Inglis-Teller method is uscd in which the clectron
density is estimated from the principal quantum number
of the last observable line in a.spectral. series, an
approach which is less accurate than the others.

e. Temperaiure Measurements

As stated before, the dependence of line broadening
parameters on the temperature is not nearly as critical
as on the electron density. Therefore, achieving a =10

" percent accuracy for this quantity appears to be fully
adequate and is usually strived for. The methods
principally involved are:

Relative line intensities within the same species. In
this frequently applied method, the relative populations
of several atomic states of different excitation energies
are obtained from relative line intensity measurements.
If the plasma is in partial LTE, the populations adhere
to a Boltzmann distribution uniquely characterized by
their excitation temperature, and this temperature T
may thus be derived conveniently from a Boltz-
mann plot analysis [23, 25, 26]. Only the assumption of
partial LTE among the excited atoms or ions and the
knowledge of relative transition probabilities are
required. Partial LTE normally exists for the high
density plasmas applied here, and for many light
elements, relative transition probabilities with accur-
acies close to 10 percent are available. The accuracy
of this method depends critically on the number of lines
available and especially on the energy spread between
the excited atomic states involved, which should pref-
erably be several times larger than £7T. In favorable
situations the temperature may be determined to 2-3
percent, while normally an uncertainty of about 5-10
percent must be expected.

Line-to-continuum intensity ratios. This technique
may be regarded as a variation of the above discussed

method insofar as the continuum replaces part of the
lines. This method is more limited in its application
because the required continuous absorption coeffi-
cients are generally not as available as atomic transition
probabilities. Applications have been limited to cases
involving helium as carrier gases [8, 55, 56]. This method
is somewhat less accurate than that of the relative line
intensities discussed before.

Intensity ratios of lines from successive stages of ioniz-
ation of the same element. The intensity ratio of two
lines from successive stages of ionization depends very
sensitively on the temperature [23, 25, 26] since the
temperature dependence of two such lines is very
different due to a large difference in the excitation
energies. of the order of 10-20 4T. (This difference
includes the ionization energy of the lower ionization
stage.) However. the electron density must also be
determined. and the plasma must be in a state of com-
plete LTE so that the two successive stages of ioniza-
tion may be connected via the Saha equation. If this
condition is met, as should be the case at high electron
densities. then this method is a very accurate one for
temperature determinations. superior to the first two
methods discussed and comparable to the following
method.

Plasma equations and intensity measurements. The
method has already been discussed under electron
density determinations (section 2.2.c). For all experi-
ments in which the electron density is determined with
this method, the temperature is simultaneously obtained
from the analysis, too, which is an attractive feature of’
this technique.

2.3. Determination of Stark Profiles and Shifts

In principle, line shape measurements are straight-
forward. For the ideal case of a homogeneous steady
state plasma, which is approximately realized in end-on
observations on stabilized arcs and in very fast “‘snap-
shot™ observations on homogeneous pulsed sources, one
simply scans over the profile with a spectrometer of
sufficient resolution. To carry out the very fast spectral
scanning on pulsed plasmas, a rapidly oscillating Fabry-
Perot spectrometer has been developed [57, 58]. Side-on
observations of stabilized arcs and plasma jets are more
tedious. In this case one has to obtain the intensity
distribution over the .cross section of the radially sym-
metric plasma for many fixed wavelength positions over
the range of the line profile. Then, by applying an Abel
inversion technique [23], one obtains the radial in-
tensity distribution at each wavelength and can thus
construct profiles for the radial positions of interest.
An advantage of this method is that one may obtain
profiles for a range of electron densities corresponding
to the different radial positions; i.e., one may measure
the functional dependence of line shape parameters
on electron density from a single experimental run. (A
graphical example is provided later.) In line shape deter-
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minations from pulsed sources with standard monochro-
mators, one must advance the instrument stepwise in
small wavelength increments over the range of the
line profile from shot-to-shot. Good reproducibility of
the pulsed plasma source and a ‘monitoring setup are
required for this operation.

Line shifts are measured by comparing the investi-
gated lines with unshifted reference lines generated in
low-pressure lamps. This may be ‘efficiently dune by the
photographic method because of the ease of recording
spectra on photographic plates and measuring small
wavelength differences. A special method applicable
to pulsed sources is to use as the reference line the line
emission from this same source at a very late stage of
the discharge, when the electron density has decreased
to a very small value [59-61]. (An example will again
‘be illustrated later.)

The line shapes are usually' the result of several
broadening factors, from which the Stark profile com-
ponent has to be isolated and retrieved. While the
experiments have obviously been designed such as to
have Stark broadening as the dominant cause of the
width, conditions can rarely be made so ideal that all
other broadening factors become insignificant. The
best one can normally do is to reduce these as much
as possible o make Stark broadening the largest single
factor and then account for the other factors by suit-
able analysis and models. For the line shifts, the
situation is less complex insofar as van der Waals
shifts are the only competing factor. According to
theoretical estimates [25, 26], they may sometimes be
significant; especially if the Stark widths are small.

Unexpectedly, we found that the reporting on the
measurement of line shapes and shifts and considera-
tions of competing factors have often been done some-
what carelessly in the literature. About one-half of the
54 papers utilized for this critical compilation were
incomplete in the reporting of possibly significant
factors affecting the line shapes.

Most often, statements were missing about possible

self-absorption effects and Doppler broadening. Since
we could not determine if an experiment has been
deficient on these points or if only the reporting was
incomplete, we could not make a meaningful judgment
on the data in this respect; to be on safe grounds, we
made the assumption that these factors were not
considered and, therefore, lowered our accuracy esti-
mate by an amount which accounted for the estimated
significance. ’
Before discussing the significant factors which
. may influence the observed line widths, it is useful

to assemble some numbers for the various line width
contrihutions  encountered in same representative
experiments. This is done in table 4, which shows that
Stark broadening, while being a major contributor, is for
all examples not the only important factor involved.

Doppler as well as instrumental broadening are often
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